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8th Interim Report

Transition between coherent and incoherent electron transport in
semiconductor superlattices

The work on the developement of new injection structures was continued. In the process
of this work a breakthrough in the understanding of electric field driven superlattice transport was
achieved. For the first time the transition between coherent and incoherent transport in

GaAs/AIGaAs superlattices is observed. The
Sonpreviously described three terminal device is used to

,ad M6 probe the transmittance of undoped
GaAs/Ga0.7A10 3As superlattices. The measured

ofninjecte
elnjectron collector current reflects the probability of an injecteddistributionJ

electron to be transmitted through the superlattice.S, .• I" MB__' M , The transmittance of the superlattice can be measured

directly at given superlattice bias conditions by
Base varying the injected current independently from the

Distance superlattice bias voltage.

Two superlattice structures were investigatedFigure 1: Schematic hand diagzram of a three consisting. of either 5 or 10 periods of 2.5 nm

terminal device with negative bias applied to the

superlattice. Ga 0 7Al 03As barriers and 6.5 nm GaAs wells. The
calculated conduction band energy diagram including

band bending is shown in Fig. I for typical biasing conditions.
The static transfer ratio (x-lc/"B is measured as a function of negative emitter bias (=injected

electron energy) at 4.2 K in a common base configuration. In Fig. 2 the transfer ratio a versus
injection energy of the ten period superlattice is shown for different collector biases. The black
solid line represents the transfer ratio at flat band condition (UBc=0). A clear shift of the maximum
and a reduction of the amplitude of the transfer
ratio is observed for negative collector voltages
while after an increase a significant lower __ m

reduction of the amplitude and of the shift is c 3
observed for increasing positive collector _ 3 .OmV

biases. The five period superlattice shows a -- CB' ,/

symetric dependence of the peak value of the r 2

transfer ratios for both bias directions. 0A -omv'
The analysis of the total miniband 3 0mVi *V/ phonon replicas

transmission, T., versus applied electric field ,_-30mV

for both superlattices is shown in Fig. 3. The C

total miniband transmission T. of the five • 60mY

period sample (dots) is symmetric for both bias -60mV

directions, while an asymmetric behavior is 0- ------

observed for the ten period sample (squares). 40 80 120 160 200

The experimental datas are compared to injection energy (meV)
calculation based on a transfer matrix method. Figure 2: Transfer ratio (x versus injection energy at
The calculation for the five period superlattice different collector base voltages of the ten period samole.
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agrees quite well with the experiment. c-ajcuiaiion

demonstrating that the transport through a five :3 experiment

period superlattice (total length 45 nm) is coherent 6 1A
for all electric fields. No difference is found / /
between an accelerating and decelerating electric .I

field which is in agreement with the theory of • / '
Cn

coherent transport. There is no evidence for a 5 periods

significant scattering induced current. 10 p/ , eods \

However, the picture changes dramatically /i
for the ten period structure: For negative bias -•
(decelerating field) the measured current decays ,
much faster with field than the calculated coherent -10 o 5 0 5 10

current. For positive bias the current first electric field (kV/cm)

increases slightly until it decays rapidly but Figure 3: The total miniband transmission versus

always stays higher than the calculated current. electric field. The calculation (solid and dashed line). is

We assign the observed difference between the ten based on a transfer matrix method.

and five period superlattice to the onset of
scattering induced miniband transport. For the ten period superlattice a considerable fraction of the
carriers does not traverse the superlattice without scattering. In the positive bias case we observe
an increase of the transfer ratio since the scattered electrons contribute additionally with the
coherent electrons to the collector current. For the

" measured T

negative bias case we assume that only coherent ._ -coherent currentS•- calculated T,,

electrons traverse the superlattice, scattered .6 0 band transport (exper.) A
S - band transport A

electrons are flowing back to the base according to Icaic. Esa.i-Tsul

the applied field. .2

These experiments demonstrate for the first {
time the transition from coherent transport to band "
like scattering induced transport in a superlattice .
miniband. We can estimate the additional scattering
induced current as a function of superlattice bias by .
subtracting the measured coherent part from the .
experimental result as shown in Fig. 4. For that we l3 c2 c1 0 1 2 3 4

electric field (kV/cm)

have to assume that the coherent transport is also
symmetric for positive and negative bias for the ten Figure 4: Total miniband transmission versus

which is very well justified from electric field of the ten period superlattice. For
positive applied bias, coherent (dashed line) and

the results of the five period superlattice. After a incoherent current (squares) is present. The

weakly linear increase a well defined maximum in incoherent current is fitted using the Esaki-Tsu

the incoherent current is observed for an electric formula (Eg. 2). For negative bias the experimental
result is well below the calculated coherent currentfield value around 1.6 kV/cm. A mean• free path of (solid line), indicating scattering induced losses in

an injected electron in the order of 75 nm can be the collector current.

estimated for our ten period superlattices by using
the experimental results for coherent and incoherent current at a fixed negative bias of 20 meV
(Fig.3). This bias value corresponds exactly to the miniband width. Thus the onset of the Bloch
oscillation regime appears at the value predicted by the Esaki-Tsu model.
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We have observed for the first time the transition between resonant tunneling and band
transport in a solid state using vertical tunneling through biased semiconductor superlattices. The
band transport is induced by scattering and overcomes the localization of the electron wave
functions introduced by an applied electric field.

Development of THz emission devices

According to the results on coherent transport in superlattices (coherence length = 75 nm)
we believe that Bloch oscillations are possible since scattering is weak enough in our superlattices.
At 20 mV bias we have a situation where 10 % of the carriers traverse the superlattice without
scattering. This situation can lead to Bloch type oscillations for a certain fraction of the carriers.
This is what we believe is observed in the experiment described above where the current drops
drastically with increasing electric field.. By making the length of the superlattice close to the
mean free path we match the conditions for Bloch oscillations.

To enhance the emission output
of such superlattices, small mesas are
fabricated and coupled to coplanar
broad band bow-tie antenna. The
superlattice mesas with an area of I itm-
(Fig. 5) are tbrmed by dry etching. The
top and bottom highly doped n' -GaAs
contact layers are connected via
airbridges to the bow-tie antenna in
order to avoid undesired parasitic
capacities. The airbridges are fabricated
by electro plating on top of a

Figure 5: SEM picture of a dry etched I 'tum2 Mesa. AuGeNi is photosensitive Polyimid layer.

used serves as an ohmic contact and as an etch mask.
fn the next period of the project we will

manufacture individual bow-tie antennas coupled to the small mesas to enhance the emitted
radiation. This step is also necessary for the other emission devices which are grown to
demonstrate THz emission from plasma instabilities.

Few cycle Thz-emission form plasma oscillation on semiconductors

Since the first observation of THz emission from semiconductor surfaces excited by ultrafast laser
pulses, considerable effort has been made both in understanding the mechanism responsible for the
THz generation, and in applications of these few-cycle THz pulses. Besides THz generation by
Bloch-oscillations, two processes are discussed leading to the emission of THz--radiation in bulk
semiconductors. One is the instantaneous polarization that arises during optical excitation when
electron-hole pairs are generated in the electric field region of a semiconductor as for example, in
the depletion or surface field. A second emission process results from the transport of
photoexcited carriers in the field region. The first process is attributed to coherent effects during
optical excitation and the latter to the motion of carriers which includes ballistic transport and
carrier drift.
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We have observed THz emission from

hv ,lc coherent plasma oscillations vertical to
Eý the surface of bulk semiconductors.The

THz emission results from the
response of carriers to the field

aA s screening induced by the ultrafast

hole Ev photoexcitation. Carriers are
accelerated vertically to the surface and

Figure 6: THz generation process perform coherent oscillations aroundtheir new equilibrium state which leads
to the emission of THz radiation. The basic scheme is sketched in Fig. 6. Our time-resolved
measurements of the THz emission give insight into the dynamics of these plasma oscillations and
their generation processes. A fundamentally new emission process is found in n-doped bulk GaAs.
The THz emission results from the response of cold carriers to the dynamic field screening induced

by hot photogenerated carriers.

All experiments are performed using a

mode-locked Ti:Sapphire laser emitting ,,
100 fs pulses at 800 nm (1.55 eV) with a N,. =1.10 cm

pulse energy of 13 nJ. The pulses are --- ....

Cl)transmitted through a Michelson 163•3
interferometer and focused onto the N D =..

sample. In the reflection geometry, the -.- . "

(generated THz emission is collected by 17 .3N =1.10 cm,off-axis parabolic mirrors and focused onto D

a 4.2 K bolometer. Appropriate filtering is
used to eliminate the contribution from the
red pump light. The experimental setup is
purged with nitrogen to prevent absorption -4 -2 0 2 4

by atmospheric humidity. The signal is delay (ps)
detected using standard lock-in techniques Fig. 7: THz correlation data recorded on n-doped GaAs-

at a modulation frequency of about 400 structures. The excitation density is always smaller than

Hz. Time resolution is achieved in our the doping concentration.

experiment by focusing two delayed laser pulses on the sample which are generated by the
Michelson interferometer. In this correlation technique the time integrated THz-signal emitted
from the sample is detected with the bolometer as a function, of the delay time between the two
exciting pulses. Assuming only partial field screening of the first exciting pulse, the second also
generates an oscillating polarization. Since these polarizations are superimposed at the bolometer,
the detected cw-signal depends on the phase between the oscillations which is given by the time

delay between the two exciting laser pulses.
The n-doped samples were grown on semi-insulating substrates with epilayer thicknesses of 3.7

ltm, 2.0 itm, and 1.8 gm. The doping densities nD are determined by standard Hall measurements
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and are corrected for the depletion layer thickness yielding concentrations of 1.9.10 15 cm-3 ,

1.7.10 16 cm-3', and 1.1. 101 7 cm-3, respectively.
Time-resolved data from these samples are shown in Fig. 7. Multiple oscillations are clearly
visible at higher doping concentrations. The oscillation period depends only on the doping
concentration and does not show any dependence on the density of photogenerated carriers.
In Fig. 8 the coressponding Fourier transform spectra are shown. The peak frequency shifts to
higher frequency for increasing carrier concentration. The observed oscillation frequencies

i 2

correspond very well to the plasma frequency cop =ý , where.'nD is the doping

concentration, and m* is the effective mass.
We explain the experimental results in the followini
framework. In n-doped structures cold electrons are 15 N' -lm3

confined by the surface depletion on one side and ............................................N =l.10'cm"
by the electric field at the interface between the o

N o =1 .10 17 cm "3

epilayer and the substrate on the other side. In the D. . ,',-
initial stage the hot photoexcited carriers screen the .'. " ,
surface field. This also leads to a field changt % : ,,

beyond the depletion zone in the bulk of the • " ,

sample. Here, the field change accelerates the cold - .

electrons which subsequently undergo plasma
oscillations due to the restoring force of the ionized
impurities.The plasma frequency is given by the
density of the cold electrons. Since the field changc 0 0.5 1 1.5 2 2.5 3 3.5

beyond the depletion zone is small the amplitude of Frequency (THz)

the resulting plasma oscillations is also small having
tý ' Fig. 8: Corresponding Fourier spectra.

an important consequence for the damping of these
oscillations.
We assume that plasma damping by LO phonon scattering of the electrons is the dominant

damping mechanism. We compared our measured damping times to the electron-optical phonon
rates, which can be estimated from the DC mobility. The DC-scattering rates agree with the values
of the plasmon damping very well which suggests that phonon scattering is the dominant damping
mechanism of the cold plasma oscillations.
The damping also limits the emission power of the plasma oscillation. Damping reduces the
density of coherently oscillating carriers and their dipole moment. Thus, the plasma frequency
and the emitted power are strongly reduced in the case of short damping times. Therefore, cold
plasma oscillations in n-doped structures offer an attractive approach to generate efficiently few-
cycle THz pulses. Our measured emission intensities confirm this. The emission power of the n-
doped samples is up to 2 orders of magnitude higher than the power emitted from p-i-n structures.
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